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Abstract 
Textured surfaces exhibit improved properties in terms of tribological, biological, optical, or wetting performance once 
the texture is opportunely tailored for purpose. Fibre lasers provide a flexible solution for texturing different materials 
with different surface structures. In this work, the use of a Q-switched fiber laser for surface texturing for tribological, 
adhesion and biomedical applications is demonstrated. The required surface pattern of the application is investigated along 
with the processing conditions to realize the pattern. Results show the adaptability of the ns pulsed fibre laser to achieve 
various patterns with high productivity and industrial robustness. 
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1. Introduction 
Control of surface topography and texture has been a subject matter of different applications, from macro 
scale mechanical components in terms of surface roughness to conform the quality restrictions and associated 
tolerances; to micro scale MEMS applications, where stiction phenomenon play a crucial role in the 
functionality of the component. In the vast majority of engineering applications, the major attention has been 
so far concentrated on the first subject. Today, the attention on treating surfaces as functional aspect of a 
component grows, and the ideal of achieving designed or tailored surfaces becomes more relevant. 
Along with the surface chemistry, the surface geometry and texture are the main factors that determine the 
functionality of the surface. A general classification can be made on the methods to regulate surface texture as 
bottom to top and top to bottom. The methods involving bottom to top strategies are the ones, where the 
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surface is usually deposited with chemical or physical process in the form of a coating or surface is generated 
layer by layer. The control of surface texture in this case is indirect, which reduces the flexibility of the 
obtainable geometries. However, the dimensional scale of the patterns can go down to nanometric level. On 
the other hand, top to bottom approaches based on material removal from an initial surface are potentially 
more flexible. In this case, the dimensional capability of the process depends on the used tool, mask, or die. 
Top to bottom methods involve several techniques such as grinding and honing (Jeng 1996), electron ion 
etching (Zhu et al 2003), chemical etching (Rech et al 2002), electric-discharge machining (Aspinwall et al 
1996), and laser beam machining (Etsion 2005). The use of a laser beam for surface texturing provides several 
options, as it allows direct writing of the texture patterns, use of masks (Ortabasi et al 1997), or diffractive 
optics (Huang et al 2010) to generate patterns on the surface. Direct writing with the laser beam is the most 
flexible among the listed, since the same optical chain can be manipulated to work on different materials and 
patterns. A single tool for flexible machining conditions which can be adapted to different applications is an 
attractive solution for industrial use. The other advantages of laser processing such as fast machining and 
being environmentally friendly, renders this process more appealing. 
The applications of laser surface texturing encompass the ones requiring improved tribological (Etsion 
2005), biomedical (Samad-Zadeh et al 2011), and optical (Iyengar et al 2011) properties; as well as control of 
surface wetting (Bizi-Bandoki et al 2011), and improvement of adhesion joint strength (Man et al 2010). 
Various pulsed laser systems operating in different pulse regimes with wavelengths varying from IR to UV 
are employed for different texturing applications in the literature. Although a universal tool for laser texturing 
applications cannot be defined, ns pulsed lasers at 1064 nm wavelength that can be used to machine most of 
the metallic materials, correspond to a solution that mediates the quality and productivity aspects. Combined 
with the robust architecture of fibre lasers, these sources provide a more industrial solution for 
micromachining of surfaces in larger scales. 
This work provides different case studies of laser texturing with a Q-switched fibre laser. The same laser 
source is employed to generate different surface textures for tribological, adhesion, and biomedical 
applications. The applications are presented from the process point of view, to emphasise the use of the same 
laser source for different processing mechanisms such as ablation and surface melting to generate different 
surface topographies. The first application regards the texturing of 3 μm-thick TiN coatings for reduced 
friction coefficient and improved wear behaviour. Surface dimpling strategies and the effect of laser 
machining on the coating is discussed. The second application regards the texturing of Ti6Al4V alloy for 
improving adhesion joint of aerospace components. Different textures types are proposed to induce 
mechanical interlock and surface increase. The third application is on the surface roughness control of AZ31 
magnesium alloy for cardiovascular stent applications. The surface roughness is varied to prepare the surfaces 
for the biopolymer adhesion. 
2. Experimental 
Experiments were performed with a Q-switched fibre laser (IPG Photonics YLP 1/100/50/50), producing 
pulses of about 100 ns (FWHM). A scanner head was used for beam manipulation (Sunny TSH 8310), which 
was equipped with a 100 mm focal lens to produce a calculated beam diameter of 39 μm at focal plane. All 
experiments were done in ambient atmosphere, without the use of a shielding gas. The general specifications 
of the employed laser system are summarized in Table 1. 
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Table 1. Characteristics of the laser micromachining system 
Wavelength 1064 nm 
Maximum average power 50W 
Maximum pulse energy at 50 kHz 1.02 mJ 
Minimum pulse duration (FWHM) 100 ns 
Pulse repetition rate (PRR) 20-80 kHz 
Pump current % control (PI%) 10-100% 
M2 1.7 
Collimated beam diameter 5.9 mm 
Focal length 100 mm 
2.1. Surface dimpling of TiN for tribological applications 
Surface dimpling can improve the tribological behaviour of the component by containing lubricant inside 
the dimple, entrapping the wear debris, and contributing to the load bearing by generating hydrostatic pressure 
in the dimple. Recently, surface dimpling has been applied on surface coatings for application requiring better 
wear resistance and reduced friction coefficients (Kononenko et al 2000, Popp and Engel 2006). The 
application regarding the surface dimpling of TiN coatings was cold drawing dies, which undergo high 
drawing forces with limited amount of lubrication. The introduction of micro lubricant pockets can improve 
the useful life of these components. Thus, the percussion microdrilling process was investigated to regulate 
the dimple radius and depth to obtain shallow dimples on the limited coating thickness. In fact, the dimpling 
of surface coatings, the laser process has to be carefully adjusted to obtain gentle ablation conditions to avoid 
excessive machining, which can cause substrate contamination on the coating. These contaminated areas are 
more likely to strip off and contribute to wear as a third body (Demir et al 2013). Laser dimpling was done on 
TiN coated tool steel with 2.65 ± 0.13 μm coating thickness. The substrate material was 42CrMo4 steel. 
 
 
Figure 1. Ramped pulse profiles generated with different modulation durations (PI=100%, PRR=50 kHz). 
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The used laser was not controllable by single pulses with controllable energy content due to the transitory 
ramp up in the initial, and ramp down final part of the emission profile. Using burst mode, single pulses can  
 
Fig. 2. Evolution of the dimpling of TiN coating as a function of the focal position (PI=100%, PRR= 50 kHz, tmod=80 μs)  
 
Fig. 3. SEM-EDS spectra dimples on TiN coatings obtained with different focal positions (tmod=80 μs). 
be used to drill dimples, where the dimples obtained within the transitory part of the emission would be out of 
tolerance. Moreover, this requires exact synchronization of laser pulse repetition rate with the beam 
positioning, which causes lack of precision in positioning, and thus texture spacing. Instead, a point by point 
percussion drilling operation was employed with ramped pulse trains that were obtained by changing the laser 
modulation duration (tmod) to values below the duration of the initial transitory. This way, it is possible to 
control the amount of current injected to pump diodes, therefore different ramped emission profiles are 
achievable. These emission profiles are shown in Figure 1, where the energy content of the highest peaks in 
the trains were estimated to be 175 μJ, 252 μJ, and 313 μJ for modulation durations of 65 μs, 72.5 μs, and 80 
μs respectively. Along with the modulation strategy of the laser emission, controlled defocusing was 
employed to change dimple diameter and depth. By changing beam diameter it was possible to reduce the 
fluence, but also passively select out the higher energy pulses that would fall below the ablation threshold of 
the material. Figure 2 exhibits SEM images in back scattering mode of the dimples generated with tmod=80 μs 
and varying the focal position. The brighter parts in the image belong to heavier elements, which points out to 
the presence of substrate material, which is predominantly composed of iron. It can be seen that defocusing 
enables effective control on the energy distribution of the laser beam, which enables drilling conditions free of 
substrate contamination (f=1.5 mm). This observation made on the SEM images was confirmed with EDS 
analyses made in the centre of the dimples, where the iron component in the spectrum was not present in 
when the beam was focused 1.5 mm above the material surface (see Figure 3). 
The laser dimpling conditions that allowed machining without substrate contamination were used to 
l results 
coming revealed a 30% reduction in the friction coefficient, which resulted in a 70% reduction in wear 
volume compared to plain TiN in heavy loaded conditions (Vandoni et al 2012). 
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2.2. Surface texturing of Ti6Al4V alloy for improving adhesion joint strength 
Laminated titanium-graphite (TiGr) sheets, which consist of titanium alloy foil and a carbon (graphite) 
fiber reinforced polymer (CFRP), are developed for future high temperature space applications. The two 
heterogeneous layers are bonded together via an adhesive, and the strength of the bond is a crucial element to 
avoid delamination throughout the use of the component. For better adhesion strength, surface texture can be 
modified to obtain different bonding effects. Principally, the effects that are considered are mechanical 
interlocking, undercuts and contact surface increase. Three different structures have been proposed to induce 
these effects, namely grid, chaotic, and dimpling (Figure 4).  
 
 
Fig. 4. Texture patterns to improve the adhesion strength of Ti6Al4V 
Grid geometry was designed with the purpose to provide a bigger contact area, mechanical interlocking 
effect and undercuts. This was achieved by digging on the material perpendicular channels that are able to 
retain the adhesive, the pitch between channels has been chosen so the remelted titanium is able to form 
undercuts, also the contact surface can be increased. To increase the depth of the channels, the material has 
been machined with 50 passes; the beam was defocused to obtain larger digs in order to provide a bigger 
adhesive resistant section. The depth of the channels resulted to be ~200 μm, whereas the width was ~30 μm. 
The width of the channel plays an important role as it determines the section of the adhesive that undergoes 
the highest stress under working conditions. Therefore it should be noted that although this geometry provides 
an advantage by generating mechanical undercuts it might also induce stress concentration where adhesion 
failure might occur. 
Chaotic geometry was created by remelted titanium. This way it is possible to provide undercuts and 
mechanical interlocking, moreover the contact surface is enhanced. This texturing is done tracing 
perpendicular lines with a smaller pitch of 50 μm. In order to have higher resolution and fluence, the 
machining is done on the focal plane. The maximum depth of the chaotic texture resulted to be around 250 
μm, also in this case the geometry create notches that could be deleterious for adhesive strength. Machining 
parameters belonging to grid and chaotic geometries are shown in Table 2. 
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Dimpling was done by shooting pulses on the surface with the same pitch in both axes and percussion 
drilling strategy similar to the one used in the case of TiN coatings. Dimples allow increasing the contact 
surface and offer mechanical interlocks. To increase the holes density and depth, the machining was done 
with a small pitch (100 μm) and the focal plane on the material surface. The modulation duration used was 
long enough to work efficiently the material until the final depth of 150 μm and diameter of 60 μm. A 
plausible disadvantage of using micro holes is that the capillarity of the hole could counteract the adhesive 
entrance. Additionally, in this case there are no undercuts, thus nothing blocks the material in the direction 
perpendicular to the surface normal. Process parameters are summarized in Table 3. 
The static resistance of the textured surfaces was compared to the resistance of surfaces prepared by 
sandblasting, which is the conventional method for surface preparation in adhesion applications. In every 
analysed case there was an increase of the joint strength as shown in Table 4. The used strategies allowed a 
remarkable increase in the adhesion resistance up to 37%. The evolution of the effect of these surfaces on the 
adhesion performance, and their specific failure types under the rupture conditions are still under 
investigation. 
Table 2. Machining parameters for grid and chaotic strategies 
 Grid Chaotic 
Pulse energy (E) 0.5 mJ 0.5 mJ 
Scan speed (v) 100 mm/s 150 mm/s 
Focus position (f) -0.6 mm 0 mm 
Pulse repetition rate (PRR) 50 kHz 50 kHz 
No of passes 50 5 
Pitch (p) 0.25 mm 0.05 mm 
Table 3. Machining parameters for dimpling strategy. 
 Dimpling 
Modulation duration (tmod) 80 μs 
Focus position (f) 0 mm 
Pump current % (PI%) 100% 
Pulse repetition rate (PRR) 50 kHz 
No of passes 5 
Pitch (p) 0.1 mm 
Table 4. Increase in the static adhesion resistance of the textured surfaces compared to sandblasted specimens (For sandblasted specimens 
rupture=23.9 MPa). 
Grid Chaotic Dimpling 
28.5% 37.3% 35% 
2.3. Surface texturing of AZ31 Mg alloy for biomedical applications 
Magnesium alloys are biocompatible materials, as magnesium is an element already present in human 
body. One of the key issues of the bio-implants made of magnesium alloys is the corrosion resistance. Due to 
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intrinsic biodegradability in the human fluids, magnesium can dissolve too rapidly in human body. The 
particular application in hand is biodegradable and biocompatible cardiovascular stents in Mg alloys, where 
an estimated period of 6 months is required for the device to remain inside the human body (Zartner et al 
2005). The choice of the magnesium alloy (Fare et al 2010), shape optimization (Wu et al 2010), or improved 
grain structure (Ge et al 2013) are suitable candidates to reduce the corrosion rate of the device. The other 
option to reduce corrosion rate of Mg stents is based on the biopolymer addition to the device surface. A 
suitable candidate for the biopolymer coating material is the polycaprolactone (PCL) - a highly biocompatible 
material, still degradable in human body with its physiological pH, with a lower corrosion rate. The coatings 
are to be applied by the dip coating technique, which is based on the immersion of the material in the coating 
material to apply a thickness of 2-10 μm. In addition to the dip coating process parameters, the surface 
preparation and topology are highly influential on the surface wetting, which is directly correlated to the 
coating adhesion. Moreover, since the stent itself is manufactured via laser micromachining process (Demir et 
al 2012); it is attractive to apply the surface machining procedure with the same laser source within the 
production cycle. Therefore, surface texturing of AZ31 magnesium alloys were studied to identify different 
surface roughness and topologies achievable. 
In this case, the process conditions were adapted to achieve surface melting by defocusing and lowering 
the laser energy. This way a more flat energy intensity distribution was achievable. Resultantly, the laser 
fluence remains lower than the ablation threshold value, but high enough to maintain a thermal interaction to 
realize other effects such as surface cleaning and flat melting (Jee et al 1988). Along with the use of a flat 
energy distribution the overlapping of the pulses determines the final surface topography. Therefore, the other 
process parameters were, pulse repetition rate, scan speed, scan pitch, scan angle, and number of passes. The 
three different textures namely, creased, roughened, and smoothed were sought to change surface roughness 
both to rougher and smoother conditions, compared to the initial roughness of the AZ31 plates (Ra=0.26 μm, 
Rz=1.77 μm). Figure 5 depicts the relationship between the surface roughness and the laser process 
parameters. It can be seen that with low energy conditions, surface roughness tends to remain low, and less 
variable, whereas with high energy conditions surface roughness is increased and more variable. On the other 
hand the increased number of passes with low energy condition results in an increase of roughness; in contrast 
the same induces a smoothing effect when the higher energy condition is applied. This could be attributed to 
the fact that when more material is melted with higher laser energy with a single pass, consecutive passes in 
other scan angles tend to homogenize the roughness profile. The chosen processing parameters for realizing 
creased, roughened, and smoothed surfaces are listed in Table 5. The surface profiles belonging to these 
surfaces are reported in Figure 6. 
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Fig 5. Roughness parameters as a function of laser energy and number of passes (PRR=20 kHz, v=100 mm/s, f=2 mm). 
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The effect of laser texturing on AZ31 sheets is not solely limited to the surface roughness. As a matter of 
fact the topography can differ greatly with the similar values of roughness parameters. Moreover, surface 
wetting is also a function of surface chemistry, which is likely to be altered during the texturing process. The 
final effect of the surface texturing on surface wettability and adhesion to the biopolymer are still under 
investigation. 
Table 5. Machining parameters for surface texturing of AZ31 sheets. 
 Creased Roughened Smoothed 
Pulse energy (E) 0.25 mJ 0.1 mJ 0.1 mJ 
Speed (v) 100 mm/s 100 mm/s 100 mm/s 
Focus position (f) 2 mm 2 mm 2 mm 
Pulse repetition rate (PRR) 20 20 20 
No of passes 1 4 1 
Scan angle  0° 0°, 90°, 45°, 135° 0° 
Pitch (p) 0.01 mm 0.01 mm 0.01 mm 
 
 
Fig 6. Roughness profiles belonging to creased, roughened, and smoothed cases. 
3. Conclusions 
The last decade has seen the so called revolution of fibre lasers; the use of high brilliance beams in 
industrial manufacturing processes such as welding, cutting, and cladding. While the impact of fibre lasers on 
the macro applications field was remarkable, such impact was not present in micro applications field, apart 
from precision cutting applications that are not essentially based on ablation. This is mainly due to the fact 
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that the principal requirement of micro field is the feasibility of generating high quality micro features, which 
is predominantly determined by the pulse duration, and wavelength of the laser. Despite their delicate 
structure and the high complexity, ultra-fast lasers were accepted to be the best solution for improved 
machining quality. On the other hand, the use of fibre lasers provide flexibility both in terms of tunability of 
the process parameters, but also the process nature itself as demonstrated in this work. This fact renders them 
more appealing for main-stream industrial micro applications. Today, pulsed fibre lasers are approaching even 
more increased flexibility in terms of pulse shape and duration regulation in ns regime with increased peak 
powers. Pulse durations are reducing to ps regime, and wavelengths in visible and UV range are introduced, 
without compromising the robustness and simplicity of the source. It can be foreseen that the real added value 
of pulsed fibre lasers in near future will be the simplification of operation in micro field, and bridging micro 
features to the macro surfaces as depicted herein with the surface texturing applications.  
The results reported here show the possibility of using ns pulse fibre laser to generate different surface 
structures for tribological, adhesion and biomedical applications, on ceramic and metallic materials. These 
structures were obtained by varying the processing conditions between surface ablation, to surface remelting. 
The three investigated case studies that differ for application, materials, and morphology of the textured 
surface are representative of the potential of this clean, environmental free, energy saving industrial process 
able to impart the desired functionality to the surface of a component. In addition to the flexibility of the 
texturing process, high productivity is achievable. Table 6 reports the texturing rates of the different texturing 
strategies applied in this work, along with on the fly dimpling strategy, which is another possibility that had 
not been applied in this work. Although the texturing rate decreases as the complexity of the applied texture 
increases, the indicated values are high enough for industrialization of the texturing process for both large 
scale mechanical components, and improved productivity in the texturing of micromechanical components. It 
can be noted that on the fly dimpling stands out as the most promising method for improved productivity. For 
applications requiring dimpled textures, where texturing positioning is less important (such as dimpling of 
bearings, machine tool guides, and cylinder blocks for tribological purposes) on the fly dimpling can be 
applied with higher energy sources to drill deeper dimples by a single laser pulse. The improved precision and 
faster scanning speeds of new generation scanner heads would contribute to increase the production rates to 
even higher levels. 
Table 6. Productivity of fibre laser surface texturing for different texturing strategies. 
Texturing strategy p 
[mm] 
PRR 
[kHz] 
v 
[mm/s] 
twait [s] No of 
passes 
Time to texture 1 
cm2 [s] 
Texture rate 
[cm2/s] 
On the fly dimpling* 0.10 50 5000 0 1 0.2 4.950 
Point by point dimpling** 0.10 50 5000 0.003 1 30.6 0.032 
Grid 0.25 50 100 0 50 20.5 0.049 
Chaotic 0.05 50 150 0 5 6.7 0.149 
Surface creasing/smoothing 0.01 20 100 0 1 10.0 0.099 
Surface roughening 0.01 20 100 0 4 40.0 0.025 
*Pulse repetition rate matched to scan speed to realize the set pitch value (v=p.PRR). Dimple depth scalable by available laser energy. 
**twait corresponds to the sum of positioning, drilling time, and laser turn off delay after drilling. Pitch is the same in both axes. 
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